Abstract: Neuronal cells are exclusively dependent on oxidative phosphorylation for energy and are under constant threat of oxidative damage due to mitochondrial production of reactive oxygen species by partial reduction of molecular oxygen. These cells also have a multitude of antioxidative defense mechanisms, but there is a slow decline of antioxidative defence capacity with aging. The result is the increased vulnerability of cells to oxidative stress, particularly neuronal cells. Any environmental, inflammatory or psychological stress that can topple the redox balance will eventually lead to oxidative stress and neuronal cell death. Indeed, cell death induced by oxidative stress has been implicated in age-related loss of neurons during normal aging and several neurodegenerative disorders. It is critical to understand the mechanisms by which different risk factors lead to neuronal cell death in order to identify pathways involved in neurodegenerative diseases. In this review we focus on the implications of various factors such as environmental toxins, drugs and psychological stress in neurodegenerative diseases with specific focus on Parkinson's disease and Alzheimer's disease. Here we highlight the recent progress that supports the role of molecular mechanisms of oxidative stress, neuroinflammation and mitochondrial dysfunction as contributors to neurotoxicity and research on developing therapeutics that could potentially slow down the progression of neurodegeneration.
Introduction
Parkinson's disease is the second most common agerelated neurodegenerative disease [1] . It is characterized by a progressive degeneration of dopaminergic (DA) neurons in the substantia nigra pars compacta that project into the striatum. The dopamine neurons play an important role in coordinating normal motor function. Clinical symptoms such as resting tremors, bradykinesia, rigidity and postural instability arise when about 60-70% of the DA neurons are lost, leading to a decline in the dopamine levels in the nigrostriatal pathway [2] . The pathological hallmark of the disease is the formation of Lewy bodies in the cytoplasm of degenerating DA neurons of the substantia nigra (SN) [3] . In general, PD is a sporadic disease, with less than 5% of PD cases being attributed to genetic causes [4] . There is much evidence that increasingly points towards correlation of PD to the exposure to environmental toxins. First, a study by Tanner et al. [5] screened 19,000 monozygotic and dizogotic twins for PD and found that there were very similar concordance rates between the two types of twins. This result led Tanner to conclude that "genetic factors do not play a major role in causing typical PD." Second, rates of PD vary geographically. In most cases, PD occurs in a greater frequency in industrialized nations. In China, an increased risk of PD was *Address correspondence to this author at the Chemistry and Biochemistry, University of Windsor, Windsor, ON N9B 3P4, Canada; Tel: (519) 253-3000, Ex: 3701; Fax: (519) 973-7098; E-mail: spandey@uwindsor.ca correlated with exposure to industrial chemicals, printing plants or quarries [6] . Additionally, between 1984 and 1994 in California, a state which uses almost a quarter of all pesticides in the US, a higher rate of PD was found in counties using agricultural pesticides [7] . A number of risk factors have been linked to PD; however, PD is not caused as a result of any one factor, but instead a combination of environmental factors and genetic susceptibility.
gering PD was discovered accidentally in 1982, in a group of people who consumed synthetic heroin. Although young, these individuals developed Parkinsonian symptoms [11] . With the exception of Lewy bodies, neuropathological, clinical as well as biochemical characteristics observed in these individuals matched the symptoms of PD [11] . MPTP has been used to induce PD in animal models in order to elucidate the mechanism of the degeneration of the nigrostriatal pathway. It has been shown that the vulnerability of the nigrostriatal degeneration to MPTP is amplified with increasing age [12] . MPTP is a very lipophilic compound and after crossing the blood brain barrier upon administration, it is converted to its toxic metabolite 1-methyl-4-phenyl pyridinium ion (MPP + ) by monoamine oxidase B especially in non-dopaminergic cells such as astrocytes and serotonergic neurons [1, 12, 13] . MPP + is a substrate for both the vesicular monoamine transporter as well as the dopamine transporter present on the DA neurons [14, 15] . MPP + accumulates in the mitochondria of the dopaminergic cells and inhibits complex-I of the electron transport chain [16] . It has also been show to cause neuroinflammation [17] , further adding to its pathological role in PD. Systemic MPTP administration in mice induces PD-like symptoms, including bradykinesia, rigidity, and posture anomalies. These symptoms parallel the low dopamine neuron counts that also result due to MPTP exposure [18] . MPTP induces the symptoms of PD in rodents, as well as in cats, non-human primates, and mini-pigs [19] . Several studies have also investigated the role of MPTP on motor behaviour, including locomotion, circling, rearing, or stereotyped behaviour.
Environmental Factors and the Risk of PD
Although the most prominent risk factor for PD is age, studies have pointed towards the interplay between both genetic and environmental factors. Several epidemiological studies have revealed a link between environmental factors such as rural living, farming and exposure to chemicals used in agriculture and increased incidence of PD [6] . A number of environmental stimuli are associated with the disease including herbicides, pesticides, cyanide, carbon monoxide and heavy metals [20, 21] .
Pesticides and Herbicides as Risk Factors for PD
Over the years there has been an increased focus on pesticide exposure and PD. Studies have shown a strong correlation between long term pesticide exposure and increased risk of PD [22] . It has been hypothesized that many of the chemicals used in agriculture may be capable of selectively targeting the dopaminergic neurons, accelerating the development of PD. In order to better understand the role of environmental toxins in PD, many toxin-based models have been developed.
Paraquat Model of PD
Paraquat (PQ), or 1, 1'-Dimethyl-4, 4'-bipyridinium, is a quaternary nitrogen herbicide commonly used to kill broad leaf weeds. Although banned in the United States and in countries of the European Union, it is still used in many developing countries. Investigations into PQ began after the revelation of a structural similarity with MPP + (1-methyl-4-phenylpyridinium) (Fig. 1) , a compound most commonly used to induce PD in animals [4] . Further interest in PQ arose when it was discovered that in Taiwan, where PQ is commonly sprayed on rice fields, people exposed to PQ for at least 20 years had almost a six times higher chance of developing PD [23] . Paraquat is a hydrophilic, charged molecule, and therefore does not diffuse across cell membranes, including the blood brain barrier (BBB) [24] . Studies have shown that PQ enters the central nervous system through neutral amino acid transporters located in the BBB [25, 26] . Co-administration studies using PQ with competitive inhibitors for the neutral amino acid transporters (e.g., L-valine, L-phenylalanine, L-dopa), revealed a prevention in PQ induced neurotoxicity [26] . Once inside the central nervous system, PQ selectively targets dopaminergic neurons. A study which exposed rat organotypic midbrain slices to PQ, found a dose dependent loss of dopaminergic neurons [27] . The cellular toxicity of PQ is mainly due to its' ability to participate in reactions which produce ROS. In the cell, paraquat is reduced to form a monocation free radical (PQ *+ ) by either NADPH-cytochrome P-450 reductase [28] , cytochrome C reductase [29] , or complex I of the mitochondrial electron transport chain [30] . The monocation free radical form of PQ then reacts with oxygen to form a super-oxide radical (O 2 *-). Once the super-oxide radical is formed, it can react through well known mechanisms to create other reactive oxygen species, all of which are harmful to the cell [24] . Recently, Castello et al. [31] revealed the involvement of the mitochondrial respiratory chain complex-III in the production of ROS upon paraquat exposure. McCarthy et al. [32] showed that PQ exposure caused neuronal cell death in vitro by inducing oxidative stress and causing mitochondrial dysfunction.
Rotenone Model of PD
Rotenone is a naturally occurring compound which Native Americans traditionally used to poison fish [21] . Today, rotenone is used as an insecticide in gardens and to kill nuisance fish in lakes and reservoirs [33, 34] . Rotenone is highly lipophilic and as such, easily diffuses across the blood brain barrier. It prevents oxidative phosphorylation through inhibition of complex I of the mitochondrial electron transport chain. Studies have shown highly specific degeneration of the dopaminergic neurons in the substantia nigra in rats subjected to rotenone [33, 34] . Additionally, development of physical symptoms of PD such as bradykinesia (slow execution of movement) and rigidity was observed in these animals. Furthermore, many of the dying neurons contained protein aggregates which closely resembled Lewy bodies [34] . It has been generally accepted that rotenone selectively targets dopaminergic neurons through oxidative stress caused by the blocking of complex I in the electron transport chain [21] . In vitro experiments with cells that had the com- plex I enzyme replaced with a rotenone insensitive enzyme, showed no mitochondrial impairment, oxidative damage or cell death [35] . Furthermore, using a chronic mid-brain slice culture model, Sherer et al. [35] , showed that rotenone selectively killed dopaminergic neurons and that damage could be attenuated with treatment with -tocopherol, an antioxidant. Although it is clear that rotenone exerts its' toxic effects through oxidative stress, the precise mechanism by which oxidative stress arises remains unknown. It has been suggested that one possible source of this oxidative stress may be a site of electron leakage upstream of rotenone's binding site on complex I [36] . When complex I is blocked by rotenone, electrons leaking through this "leak site" could react with oxygen to form reactive oxygen species [34, 36] . Another possible way in which rotenone may cause neurodegeneration is through microglial activation. Since the substantia nigra contains a large amount of microglia cells, the activation of microglia has been investigated as a possible cause of neurodegeneration in PD [37] .
Multihit Hypothesis
Most of the studies identifying environmental toxins targeting the DA neurons have focussed on the use of a single chemical to induce PD. However, humans are exposed to multiple toxins in the environment. The multihit hypothesis proposes that the brain is able to resist the effects of an individual chemical that targets the DA neurons. However, the defense machinery may be compromised when several toxins target different sites in DA system, ultimately leading to neuronal damage and cell death eventually. Of the different models using combinations of toxins to study PD, the PQ and maneb (MB) models have emerged as a multihit model, in which the two toxins act synergistically to induce PD-like pathology. Studies using a combination of MB and PQ have shown greater neuronal damage than either chemical alone [4] . The PQ-MB model has also been used to study the combined effects of exposure to environmental neurotoxins, as well as aging on the risk for PD development [38] .
Metals as Neurotoxic Agents in PD
Metals, particularly transition metals, have been investigated as a possible cause of PD. Case-control studies have shown that PD can be associated with chronic exposure to metals such as manganese or copper [39] . Furthermore, dual combinations of lead, iron and copper can also be associated with PD [39] . It has been observed that the substantia nigra region of PD patients show elevated levels of some metals; particularly iron, which can participate in reactions such as the Fenton reaction to produce oxidative radicals [40, 41] . Metal induced oxidative stress can target lipids, proteins and even DNA in the cell which in turn can cause cell death through mitochondrial dysfunction, excitotoxicity, and a rise in the cytosolic Ca 2+ levels [42] .
Copper (II), iron (II), cobalt (III) and manganese (III) have all been shown to interact with -synuclein and promote its aggregation. -synuclein is a small protein (14kDa) and a major component of Lewy bodies. Since metals can increase aggregation of -synuclein, it is possible that these metals may play a role in the pathogenesis of PD [42] .
Molecular Mechanisms Contributing to ToxinInduced Neurodegeneration in PD
Though the exact mechanism of neurotoxicity is not known, it has been suggested that a cascade of events ultimately leads to the death of DA neurons in the nigro-striatal pathway [43] . Some of these events include oxidative stress, mitochondrial dysfunction, excitotoxicity and neuroinflammation.
Oxidative Stress and Mitochondrial Dysfunction in PD
Many of the neurotoxins target the mitochondrial electron transport chain and lead to the production of superoxide anion radicals. Superoxide dismutase present in the mitochondrial matrix, acts as an antioxidant and converts most of the superoxide anion radicals to hydrogen peroxide. The Fenton reaction then converts hydrogen peroxide into hydroxyl radicals. All these species are capable of exerting damage to the cell by modifying lipids, proteins and DNA. Oxidative stress-induced neuronal loss has been implicated in the progression of PD [44] .
The contribution of oxidative stress in PD nigral cell death has been demonstrated by post-mortem studies in PD patients as well as by toxin-induced PD models [9, 45] . Even under normal conditions, the SN region is subjected to oxidative stress due to various reasons including the production of ROS during dopamine metabolism, high levels of iron and copper that are essential cofactors for enzymes concerned with the catecholamine metabolism and high levels of oxidized GSH [9, 46] . Post mortem studies of PD patients have shown higher iron levels in the SN region [47] [48] [49] . Increased levels of lipid peroxidation, DNA damage and protein oxidation have been observed in the SN region in PD patients [50] [51] [52] [53] [54] [55] [56] . A decrease in the levels of reduced GSH by about 50% in PD substantia nigra has been reported [56] [57] [58] [59] . In the brain, GSH is known to play a vital role in detoxification of ROS [44] . The lowered glutathione content appears to be the earliest marker for oxidative stress during the progression of PD [60] prior to the inhibition of complex I of the mitochondrial respiratory chain [44] .
There is overwhelming evidence implicating the role of oxidative stress in amplifying damage to the SN neurons during PD. Oxidative and nitrosative stress, among other factors, may be able to manipulate the aggregation and folding of proteins such as -synuclein, (a prominent component of the Lewy body) into different forms including protofibrils, fibrils, and filaments. An accumulation of misfolded forms of -synuclein contribute to neuronal cell death [61, 62] . The ubiquitin proteasome system can be directly or indirectly affected by oxidative stress. Direct oxidation of the components of the proteasomal system can affect its function. Amplified production of oxidatively modified proteins can also devastate the ubiquitin proteasomal system leading in a toxic accumulation of damaged proteins in the cell [63] . Additionally, nigral dopaminergic cells are more susceptible to oxidative and proteolytic stress due to the low steady-state levels of proteasome activators observed in the SN of PD patients [64] . It is known that parkin has ubiquitin-3 ligase like activity, and S-nitrosylation of parkin may impair its ability to ubiquitinate proteins [61, 65] . Dopamine metabolism leads to production of hydrogen peroxide which is then converted to the hydroxyl radical that is very toxic [66] . However, has been no direct evidence that links superoxide anion radical production to dopamine metabolism and mitochondrial dysfunction [45] . Interestingly, data has shown that nitric oxide (NO) can cause the oxidative damage in PD by reacting with superoxide to form peroxynitrite [67, 68] . It has been reported that displacement of iron from ferritin is caused by NO leading to degeneration of the cells [69] . NO inhibits glutathione reductase, thereby affecting GSH levels [70] . NO also causes DNA singlestrand breaks and increases DNA oxidation [50, 54] .
It is yet to be determined which one of the two species, ROS or reactive nitrogen species (RNS), is the main culprit in PD. Moreover, since oxidative stress has been linked to other cellular processes such as cell death, inflammation, excitotoxicity and mitochondrial dysfunction, it is not easy to establish whether or not oxidative stress is a product or the prime initiating agent of these events [45, 49] .
There has been mounting evidence suggesting the involvement of mitochondrial dysfunction in PD [43] and furthermore, impairment of complex I function in the mitochondrial electron transport chain [71, 72] . Mitochondria are responsible for the generation of ATP in the presence of oxygen and mitochondrial dysfunction leads to decreased ATP production. Many environmental toxins including rotenone and paraquat cause the inhibition of electron transport in the respiratory chain [73] . Studies involving toxin-induced PD in animal models by MPTP as well as rotenone have revealed a loss in the activity of complex-I. Post-mortem studies of PD patients have revealed a loss in about 30-40% activity of complex-I in the SN region [72] . Reactive species such as NO can reversibly and irreversibly inhibit complexes-I and IV, and although the mechanism of action of NO remains vague, it is hypothesized that it may involve the S-nitrosylation of thiol groups in the complexes [70, 74] . Mitochondria are generators as well as the targets of nitrating species. In vitro and in vivo studies have shown that mitochondrial proteins including MnSOD, aconitase, cytochrome c, voltage-dependent anion channel (VDAC), ATPase, and succinyl-CoA oxoacid-CoA transferase are nitrated [239] .
It has been shown that elevated oxidative stress leads to mitochondrial dysfunction and a decline in ATP production [49] . In vitro studies in our lab have shown that under oxidative stress, there is a decline in the mitochondrial ATP production [32] . Reduction in ATP levels causes the inhibition of PA700, which is an activator of the 26S proteasome, resulting in decreased ubiquitination [43, 45] . Additionally, mitochondrial dysfunction leads to the failure of ATPdependent magnesium inhibition of N-methyl-d-aspartate (NMDA) receptors and thereby escalating vulnerability to excitotoxicity [43] .
Excitotoxicity in PD
No direct evidence has been found to implicate excitotoxicity in PD, however, it has been suggested that glutamate may have a toxic effect on the DA neurons in the SN region because this region receives glutaminergic projections from the subthalamic nucleus [75] . Increased activity of the subthalamic nucleus has been shown in animal models as well as PD patients [76] . MPTP induced animal models of PD have shown altered glutamate activity, while co-injection of MPTP with glutamate antagonists offered protection to the DA neurons from the deleterious effects of glutamate [77] [78] [79] . It has been suggested that although selective loss of DA neurons occurs in the SN, glutamate is not implicated primarily and excitotoxcity is more unlikely to play a role in a chronic progressive disease such as PD [75] .
Role of Neuroinflammation in PD
The role of inflammation in neurodegenerative diseases such as PD is not well understood and the events triggering the inflammatory response are unclear. Astrocytes as well as glial cells play an important role in neuroinflammation. In PD, the degeneration of dopaminergic neurons is coupled with immense microglial activity [80] . This increase in activity could be a consequence of neuronal cell death or might be due to the participation of microglia in the cell death process. Most of the evidence has been gained through in vitro and in vivo studies. Both the MPTP and the 6-hydroxydopamine (6-OHDA) induced PD models have been shown to induce the activation of astrocytes in the striatum [17, 81] . The contribution of altered glial function to the demise of the DA neurons has been observed on co-incubation of these neurons with toxins such as MPTP and 6-OHDA [82] . The detection of elevated levels of pro-inflammatory cytokines and increased oxidative-stress inflicted damage in post mortem samples from PD patients suggests that the role of microglial activation is significant in the degenerative processes occurring in PD [83] .
Elevated glial reaction associated with the loss of DA neurons during PD implies that microglial activation may prompt or contribute to the neurodegenerative process in the disease. McGeer et al. [84] have uncovered that the response of glial cells is more robust in the SN than the striatum, albeit damage to DA neurons is more severe in the striatum. Microglia become activated in the brain responding to various insults, proliferate and start expressing noxious molecules such as ROS, RNS, cytokines and pro-inflammatory prostaglandins [85] . Other sources of ROS production include NADPH-oxidase present in the microglia [86] and cyclooxygenase-2. This enzyme exerts its toxic effect during catalysis of prostaglandins, causing the oxidation of dopamine to dopamine-quinone [87] , which is extremely reactive with GSH and amino acids such as lysine, tyrosine and cysteine, in due course ensuing in cell death [83] .
Amplified levels of pro-inflammatory cytokines such as tumor necrosis factor-and interleukin-1 have been observed in the cerebrospinal fluid as well as striatum of PD patients [88] . These cytokines are potent activators of inducible NO synthase (iNOS) in rodents [83] . Cytokines released from glial cells bind to their specific receptors found on the DA neurons. Upon binding to their corresponding receptors, these cytokines trigger apoptosis by activating caspase-3 via the extrinsic pathway [89, 90] . In many cases of PD, a slight raise in the astrocyte counts as well as the immunoreactivity of glial fibrillary acid protein (GFAP) have been detected, but fully reactive astrocytes have been found in only a few cases [91] . Besides, the number of GFAP positive astrocytes inversely correlates to the sum of DA neurons undergoing death [92] and the number of -synuclein positive astrocytes associates to the severity of cell death in PD [93] . Regretta-bly, no techniques exist to study the relationship between the DA loss and microglial activation in either PD patients or toxin-induced PD models. Teismann and Schulz [83] have proposed that glial cells play an unfavourable role and activation of microglia plays a key part in PD. However, it is less likely that inflammation is responsible for initiation of the death of the SN neurons.
All the above mentioned events play an important role in the progression of PD. Since a complex inter-relationship exists between them, it is very difficult to pinpoint which event occurs first.
Psychological and Lifestyle Correlates of Parkinson's Disease
Various co-relational studies found an association between social and psychological factors and PD. The present discussion reviews the research on smoking, stress, and depression, among others, as they relate to neurodegeneration in the SN. However, note that there is little evidence as to the specific biochemical mechanisms that mediate these associations.
Smoking, Alcohol, and Caffeine Consumption
A negative association between smoking and PD has been shown, with heavy smokers having a risk up to 50% lower than non-smokers [94] . According to another study, smokeless tobacco use has been inversely associated with PD mortality [238] . Present smokers are better protected than past smokers. Wirdefeldt et al. [95] confirmed the protective effects of smoking and established that they are not fully explained by genetic and familial factors. In his review, Logroscino [96] suggested that smoking is a protective agent for the onset, but not the progression of PD, even when familial and personality factors are controlled for. A systematic study looking at the age when subjects began to smoke may shed further light on this relationship. However, other studies did not confirm this association. Rajput and Birdi [97] identified four requirements that would establish the protective effects of smoking: lower incidence of PD, delayed onset of PD, slower progression of PD, and a dosedependent progression of PD in smokers compared to nonsmokers. Various studies satisfied some, but not all of these requirements. In a study of 237 PD patients and 474 normal individuals, ever-smoking was negatively associated with PD [98] . Haack et al. found that age of onset was also delayed, but failed to identify a dose-dependent relationship [99] . On the other hand, Grandinetti et al. identified a dosedependent relationship but the age of onset did not differ between smokers and non-smokers [100] . Lastly, smoking seems to have some protective effects in males, but not in females [101] . In terms of the mechanism of this effect, it has been proposed that nicotine is an antioxidant and an inhibitor of monoamine oxidase B (MAO-B) [96] . MAO-B is involved in dopamine catabolism and MPTP activation. Postitron-emission tomography scans showed decreased levels of MAO-B in smokers [102] . Therefore, it has been hypothesized that reduced MAO-B activity leads to decelerated dopamine catabolism and poor or no activation of toxic substances.
The relationship between smoking and Parkinsonism may be confounded by other lifestyle factors, such as caffeine consumption. Caffeine consumption has also been associated with lower risk of PD [101] . Some studies found that coffee drinkers had a 30% lower risk of developing PD than non-coffee drinkers [96] . MPTP-induced dopaminergic loss was reduced in mice that were initially treated with caffeine. This effect may be mediated by the blockage of adenosine-2 receptors [103] . Alcohol may also provide a protective effect [104] , although some studies did not identify an association [105] .
Psychiatric Disorders and Incidence of PD
When socioeconomic status and geographical region are controlled for, psychiatric disorders (schizophrenic, mood and neurotic/personality disorders) seem to predict PD [106] . The overall risk was higher for women than men and higher for individuals under 50 years of age, a surprising finding because in the general population men over 50 are more commonly affected [107] . Overall, the prevalence of PD in patients with a psychiatric disorder was statistically higher than in the normal population regardless of age [106] . In one study, the maximum rate of PD occurred ten years earlier in the psychiatric disorders group than in the non-hospitalized group. Other studies suggested that 40% of the individuals with a history of mood and anxiety disorders developed PD [108] . These relationships are likely to be mediated by chronic stress, poor social support, and maladaptive coping strategies [106] . Poor diet and physical inactivity are also signals of an overall lifestyle pattern often associated with low socioeconomic status, psychiatric disturbances, and PD.
Anxiety and PD
While some studies suggest that anxiety appears after the onset of PD [109, 110] , many indicate that it precedes PD [111, 112] . In a prospective study, Weisskopf et al. [113] found that phobic anxiety is a risk factor for PD in men. Several case-control studies supported this finding [114, 115] . The relationship remained significant after adjusting for age, smoking, and caffeine consumption. A twofold increase in the risk of PD was observed when anxiolytic medication was used. Controlling for medication did not affect the relationship between PD and anxiety. Shiba et al. [115] also found that anxiety preceded PD by 5 to 20 years, making it unlikely that it was a result of unrecognized symptoms of PD. Weisskopf et al. [113] suggested that anxiety and PD share some biological commonalities, such as dysfunction of the dopaminergic system, reduced striatal dopamine uptake, and reduced levels of dopamine metabolites (homovanillic acid) in the cerebrospinal fluid. Other neurotransmitter systems such as norepinephrine, serotonin, GABA ( -aminobutyric acid) and acetylcholine have also been implicated in anxiety and may affect PD by interacting with dopaminergic neurons [113, 116, 117] . Alternatively, it has yet to be determined whether anxiety is part of a pre-morbid personality trait that predisposes individuals to PD (as discussed below).
Depression and PD
Numerous studies confirm a positive relationship between depression and PD [118] , with some data indicating a prevalence of depression in up to 90% of PD cases [119] . However, the directionality of this association is controversial. Depression may be a reaction to illness, whereas PD may constitute a risk factor for depression [120] , or clinical depression and PD-associated depression may be completely different conditions, with different underlying mechanisms [119] . However, there is mounting evidence that depression precedes and is a risk factor for PD. In a retrospective cohort study, Schuurman et al. found a strong positive correlation between depression and subsequent onset of PD. Controlling for age, sex, and socioeconomic status did not affect the result [118] . The relationship may be mediated by low serotonin activity, a risk factor for PD. Low serotonin leads to increased striatal dopamine, a mechanism that can compensate for the loss of dopamine neurons in PD while increasing the risk of depression. Therefore, a biological vulnerability towards depression may interact with environmental and personality factors, resulting in the development of Parkinsonism. This model raises the question of whether depression should be considered as an independent disorder or as an early symptom of PD.
Leentjens [120] suggested that depression does not predispose to PD in particular, but rather to a variety of other disorders, including Alzheimer's disease, cancer, and cardiovascular disease. Future research should establish the directionality and specificity of the relationship between depression and PD in order to avoid confounding factors in the diagnosis and management of PD. Several hypotheses have been proposed, but conclusive findings are limited. Shiba et al. [115] suggested that depression may cause PD directly or indirectly via antidepressant medications, increased glucocorticoid levels, decrease in neutrontrophic factors, or common patterns of gene expression.
Role of Chronic Strain in PD
Kuopio et al. [121] suggested that heavy work is associated positively with PD, while living in close proximity to domestic animals, be it in a closed home environment or on a farm, is a protective factor. It may be that some other factor, such as lower chronic stress, mediates this relationship. Similarly, it was found that living in small cities or villages is negatively correlated with PD [6, 122] .
Schaie and Lawton postulated [123] that acute or longterm stress can precipitate the onset of illness, leading to downregulation of bodily systems, including the nervous system, the cardiovascular system and the locomotor system. Hartmann et al. [124] found an interesting link between chronic stress and PD. The stress response is mediated in part by the hypothalamic-pituitary-adrenocortical axis (HPA), whose repeated activation may lead to a chronically high level of cortisol and catecholamines. This may result in neuroendocrine imbalances. According to Hartmann et al. [124] basal hypercortisolemia is associated with PD. Compared to normal controls, cortisol levels did not fluctuate and cortisol was released in higher quantities in patients with PD. Also, note that dopaminergic projections extend to the hippocampus, where repeated HPA activation was associated with neuronal loss [107] . Future studies should identify whether such neurodegeneration also occurs in the substantia nigra.
Gale et al. [125] suggested that the stressful conditions in war camps may have detrimental effects on the substantia nigra, which manifest in Parkinsonism due to age-related neuronal loss [125] . Other studies also suggested a twofold increase in PD in former prisoners of war [126] .
Exercise is a well-known stress-reliever in humans [107] . Therefore, physical activity may provide some neuroprotective effects with regards to PD. In 6-OHDA treated mice, Howells et al. [127] found that exercise was associated with attenuated symptoms as measured by rotation in response to apomorphine. A distinct group was subjected to stressful circumstances consisting of unpredictable wheel immobilization, food deprivation, and circadian cycle alteration. Upon apomorphine administration, the results from this group were not significant from a non-runners group. The results indicated that stress cancelled the protective effects of exercise. The protective effects of exercise may involve improved cerebrovascular circulation and production of neurotransmitters and neurotrophic chemicals [128] . In addition, exercise may affect dopamine metabolism directly: some studies reported a 30% increase in neostriatal dopamine in mice forced to exercise [235] .
Traumatic Brain Injury and PD Incidence
A relationship between PD and brain injury has been found in multiple studies, although epidemiological investigations did not consistently confirm it [129] [130] [131] . In addition, the sporadic associations that have been observed could be confounded or mediated by other variables. For instance, individuals who are prone to head injury may have a genetic predisposition to engage in risk-taking behaviours or to seek particular occupations (such as farming). In a study on monozygotic and dizygotic twins, however, Goldman et al. [132] found that loss of consciousness and head injury with amnesia were correlated to an increased risk of PD later in life. The relationship was stronger for monozygotic twins and increased with multiple injuries and with severity of injury. With genetic and environmental factors controlled for, this study suggests a direct causal relationship between head insult and PD.
A variety of psychological and lifestyle factors have been associated with PD. However, further research should address the potential variables that may mediate this relationship.
Advances in Therapeutic Approaches for PD
PD is a progressive neurodegenerative disease and the rates of progression vary amongst different patients. Since several factors are involved in the progression of PD, various neuroprotective strategies have been developed. However, most of these agents have been identified in animal models of PD, making it difficult to prefer different drugs and assess them in humans [43] . Much of the therapy for PD is symptomatic and is short of important disease-modifying effects. The most effective therapy is levodopa which is often given in combination with other drugs. Surgery is another option which is held in reserve for complex cases of PD in which motor complications or medical intolerance has led to an intolerable decline in the quality of life [61] .
Scientists have focussed on compounds that can slow or impede the progression of PD. Many neuroprotective agents such as monoamine oxidase inhibitors, antiexcitatory drugs, trophic factors such as glial cell derived neurotrophic factor (GDNF), dopamine agonisits and antiapoptotic drugs have been studied for their potential as possible therapeutics. The properties of bioenergetic compounds such as creatine, ribo-flavin, nicotinamide and Coenzyme Q 10 (CoQ 10 ) as budding candidates for neuroprotection have been assessed [43, 133] .
A lot of focus has been on CoQ 10 , which is a hydrophobic, naturally occurring compound which transfers electrons between the different complexes of the mitochondrial electron transport chain and is a very pivotal antioxidant in the mitochondria where it readily scavenges free radicals [133] . Neuroprotective effects of CoQ 10 in the central nervous system in several in vivo studies have been demonstrated by the prevention of reduction in the GSH and ATP levels, as well as protection during experimental ischemia [133] . An openlabel phase trial of CoQ 10 in PD patients found good CoQ 10 absorption and tolerability [134] . Although very encouraging results were obtained from this study, Beal and Shults [134] have cautioned that it would be early for PD patients to take high dosage of CoQ 10 until a bigger trial has been completed.
A major drawback in working with CoQ 10 , is that it is very lipophilic and studying its protective properties in cell culture is difficult due to its hydrophobic nature; however through a patented protocol (US patent #6 045 826), a watersoluble formulation of CoQ 10 (WS-CoQ 10 ) was developed by Sikorska and Borowy-Borowski of the National Research Council of Canada. McCarthy et al. [32] have shown that PQ induced neuronal cell death could be prevented by pretreating the neurons with a WS-CoQ 10 . Protection of differentiated neuronal cell against cell death induced by glutamate excitotoxicity was also reported by WS-CoQ 10 [135] . Recently, WS-CoQ 10 was shown to inhibit Bax activity and thus prevent Bax-induced destabilization of mitochondria in mammalian cells [136] . Studies in our lab have shown that WSCoQ 10 offers protection against PQ induced neurotoxicity in vivo.
Creatine has shown to offer neuroprotection in several toxin-induced PD models and is currently being assessed in early stage trials in PD [133] . The effects of nicotine on neuroprotection have also been investigated. There is evidence that nicotine and subtype selective nAChR ligands can offer neuroprotection in cell culture systems and in animal models of neurodegenerative diseases such as PD and AD. [236] . It has been revealed that chronic oral nicotine offers partial protection against MPTP-induced striatal damage in monkeys. Furthermore, enhanced synaptic plasticity by lowering threshold for long time depression was observed by nicotine treatment alone [237] . Detailed investigation of the neuroprotective abilities of these compounds alone, or in combinations will provide better therapeutic interventions in PD.
ALZHEIMER'S DISEASE (AD)

Oxidative Stress in AD
Alzheimer's disease affects several million people worldwide, and as such, it is the most common form of dementias. Both incidence and prevalence of AD increase with aging so this disease is gaining social and economic relevance, mainly in the developed countries where the life span is continuously increasing [137] . Alzheimer's disease is marked by neuronal and synaptic loss in the cerebral cortex and hippocampus, as well as formation of senile plaques and neurofibrillary tangles. Most cases of the disease are sporadic, whereas the rare familial form of AD is an autosomal dominant disease and is associated with specific mutations in the genes encoding for amyloid precursor protein (APP) and presenilin-1 mapped on chromosome 14, and presenilin-2 mapped on chromosome 1 [138] . Susceptible neurons are subjected to both oxidative and mitotic injuries [139] . There is evidence that early neuronal and pathological changes associated with AD show oxidative damage, indicating that oxidative stress is a very important contributor to the disease. Markers of oxidative damage are present in the susceptible neurons even without evidence of neurofibrillary pathology [140] . It seems that free radicals produced due to oxidative stress, as well as oxidative modifications of proteins, lipids and nucleic acids are pathologically essential for the onset of AD [141] .
Oxidative modifications of proteins are indicated by high concentrations of carbonyl groups [142] , and increased nitration of tyrosine residues [143] . Oxidative modifications can also lead to cross linking of proteins which might slow down or stop their intracellular and extracellular removal even when targeted with ubiquitin [144] . Lipid peroxidation is indicated by high concentrations of isoprostane, 4-hydroxy-2-nonenal, malondialdehyde, and thiobarbituric acid reactive substances, as well as the altered phospholipid composition [145] [146] [147] [148] [149] . Furthermore, DNA and RNA oxidation results in increased concentrations of 8-hydroxyl-2-deoxyguanosine (8-OHdG) and 8-hydroxyguanosine (8-OHG) [150] . Also, high DNA fragmentation, nicking and DNA breaks are observable in AD patients indicating the deficient DNA repair mechanisms [151, 152] . Modification to sugars is indicated by increased glycoxidation and glycation [153] . However, affected neuronal cells still have antioxidant defense system in the form of upregulated antioxidant enzymes such as heme oxygenase I, catalase, glutathione peroxidase, glutathione reductase, Cu-Zn superoxide dismutase, peroxiredoxins, as well as some heat shock proteins [154] .
Oxidative stress induces changes in gene expression and enzyme activities which are mediated through the communication of various signalling pathways, such as stress activated protein kinase (SAPK) pathways, which propagate stress signals from the membrane to the nucleus. SAPKs and their downstream effectors are the ones involved in the ambiguous response to the oxidative stress depending on cellular and environmental conditions: they will provoke a stress response that either leads to apoptosis or to defensive protective adaptations, [155] . The entire JNK (C-Jun N-terminal kinase)-SAPK pathway is affected in AD: JNK1 is related to Hirano bodies in AD, while JNK2 and JNK3 are related to neurofibrillary pathology. JNK-SAPK is activated in AD and redistributed from nuclei to the cytoplasm as the disease progresses. Nuclear localization of active JNK-SAPK is detected in the susceptible neurons in the beginning stages of AD, while phospho-JNK-SAPK is only localized in the association with neurofibrilary tangle formation in advanced AD [156] . The nuclear localization of active JNK-SAPK suggests that oxidative signalling possibly affects the gene expression. This is supported by the fact that activation of JNK-SAPK pathway can modulate the induction of some antioxidant enzymes that are induced in AD such as heme oxygenase-1 and superoxide dismutase-1 [157] .
Causes of Oxidative Stress in AD
The sources of ROS induced damage include abnormal mitochondria, redox transition metals, proteolysis dysfunction, activated microglia etc. [158] . Many studies implicate metabolic defects in AD such as reduced rate of brain metabolism, and these abnormalities precede brain atrophy and functional impairment [159] . Also, increased oxidative utilization in AD patients comparing to glucose utilization has been documented [160] .
Role of Amyloid (A ) in Oxidative Stress
It was initially thought that lesions were the source of ROS in AD. However, it appears that oxidative damage already present in AD recruits defence mechanisms such as A deposition and hyperphosphorylation of protein in attempt to restore the redox balance and avoid neuronal death initiated by oxidative stress [161] . However, as the disease progresses, both A and hyperphosphorylated , through gainof-function transformation, shift their activities from antioxidant to prooxidant. This ultimately leads to increased ROS production and compromised defence mechanisms.
Even though it is present in healthy neurons as well as AD affected ones, A is considered a dangerous by-product of A PP processing by and -secretases [158] . It was recently reported that A gets secreted from healthy neurons in response to activity and that it down-regulates excitatory synaptic transmission [162] . Furthermore, A has strong chelating properties for zinc, iron and copper, which suggests that one function of A is to sequester these metals [163] . Theoretically, this sequestering of redox active metals can serve to inhibit metal-catalyzed oxidation of biomolecules. However, the role of A can be considered to be both antioxidant and prooxidant since methionine at residue 35 can both scavenge free radicals [164] and reduce metals to their highly active low-valence form [165] . Therefore, the overall activity of A with respect to oxidation is a combination of metal chelation, metal reduction, and free radical scavenging, which results in either prooxidative or antioxidative activity. In order for A to induce oxidation three conditions have to be satisfied: presence of methionine 35, presence of transition metals, and fibrillation [158] . Fibrillation will only occur if A is aged and present in large (micromolar) quantities [166] . Presence of redox metals is also required for A aggregation and its pro-oxidant activity [163] . Methionine 35 is necessary for pro-oxidant activity of A ; it has been demonstrated that its substitution greatly diminishes or even aborts the pro-oxidant activity of A . In its role as pro-oxidant, A induces peroxidation of membrane lipids [167] and lipoproteins [168] , generates hydrogen peroxide [169] and 4-hydroxynonenal (4-HNE) in neurons [170] , inactivates transport enzymes [171] and damages DNA [172] .
Role of Mitochondrial Dysfunction and Oxidative Stress in AD
Since metabolic impairments (such as hypoxia, hypoglycaemia etc.) are sufficient to induce mental and neurological impairments similar to those of AD, it is evident that mitochondrial dysfunction may play a role in the onset of AD [173] . Characteristics of AD include damaged mitochondria and increased oxidative stress, which is consistent with the finding that damaged mitochondria produce more ROS and less ATP compared to their normal counterparts [174] . The function of mitochondria is dependent on their intact structure. It has been reported that mitochondria in AD are deficient in some key enzymes involved in oxidative metabolism such as -ketoglutarate dehydrogenase complex, pyruvate dehydrogenase complex (both enzymes of Krebs cycle) and cytochrome oxidase (responsible for reducing molecular oxygen in the electron transport chain) [175] . Different stages of mitochondrial abnormality are present in almost all AD neurons. Quantitative measurements of the percentage of normal, partially damaged and completely damaged mitochondria show that AD neurons have significantly higher proportion of damaged mitochondria and significantly lower percentage of normal mitochondria compared to their normal counterparts [158] . Factors that contribute to mitochondrial dysfunction in AD are following: low vascular blood flow in the brain [176] , increased sporadic mutations in mitochondrial DNA which negatively affect mitochondrial stability [177] , A and A PP processing machinery located in mitochondria where A PP is present in mitochondrial import channel thus potentially affecting mitochondrial transport [178] , and increased homocysteine (hyperhomocysteinemia). Increased homocysteine observed in AD inhibits several genes that encode mitochondrial proteins ultimately promoting ROS production [179] .
Metal Toxicity in AD
Most types of oxidative stress damage in AD are linked to metal-catalyzed hydroxyl radical formation, so loss of iron and copper homeostasis in the brain is accompanied by serious neurological consequences. Iron is involved in hydroxyl radical formation through the Fenton reaction. It has been recorded that iron accumulates in the brain where it participates in the formation of an increased oxidative stress [180] . Over-accumulation of iron in AD is found in cerebral cortex, hippocampus, and basal nucleus of Meynert, which coincides with the location of neurofibrillary tangles, senile plaques and lesions in AD brain [181] . RNA bound iron plays a role in RNA oxidation in the neurons of AD [182] . rRNA is present in large amounts in neurons, and it is considered to have the largest number of iron binding sites among all cytoplasmic RNA species. Oxidation of rRNA by iron dependent Fenton reaction leads to the formation of 8-OHG Also, ribosomes obtained from AD hippocampus contain significantly higher levels of RNAse sensitive iron comparing to the controls, as well as 8-OHG detected by immunoprecipitation which is present exclusively in AD brain and not in controls. rRNA serves as a binding site for redox active iron and serves as redox center in the cytoplasm of AD neurons. Oxidized ribosomes in turn show significant reduction in protein synthesis. These ribosomal changes that are due to iron mediated oxidation show well in advance to other morphological changes in AD neurons indicating neurodegeneration [182] .
Copper is required by many oxidation-reduction enzymes. It is found in Cu-Zn superoxide dismutase, and in catalytic site of cytochrome oxidase within electron transport chain. Copper entry into the brain is mainly mediated by ceruloplasmin, a copper binding protein responsible for protecting the neurons against oxidative stress; any abnormalities in ceruloplasmin may lead to oxidative damage in the brain [158] . Ceruloplasmin is also involved in the regulation of the redox state of iron by converting ROS catalytic Fe(II) to Fe(III) which is less reactive. Ceruloplasmin concentration is increased in the cerebrospinal fluid and brain tissue of AD, while its concentration in the neurons remains unchanged [183] . Increased ceruloplasmin concentrations in the cere-brospinal fluid may be an attempt to respond to increased oxidative stress in AD, while failure to get up-regulated in the neurons may explain the metal catalyzed oxidative damage in the AD neurons [184] . Furthermore, copper can play a role in ROS generation through its binding to A PP. A PP is able to reduce Cu(II) to Cu(I) through formation of A PPCu(II)-hydroxyl radical intermediate, which ultimately enhances production of hydroxyl radical. Copper, like iron, is highly concentrated in A plaques [158] .
Glycation and Glycoxidation Induced Oxidative Stress in AD
Advanced glycation end products (AGEs) are generated by non-enzymatic reaction of sugar ketone or aldehyde group with free amino groups of a protein or free amino acids, especially arginine and lysine [158] . AGEs are formed through a complex cascade of dehydration, oxidation, fragmentation and cyclization reactions with Amadori product as an intermediate in the process [185] . Amadori products can be converted to protein-dicarbonyl compounds in the presence of molecular oxygen and transition metals via protein enendiol, ultimately generating the superoxide radical. Also, monosaccharides in the equilibrium with their enendiol can undergo auto-oxidation in the presence of transition metals to form enendiol radical. The enendiol radical can reduce molecular oxygen to form the superoxide radical. Advanced glycation end products result in formation of oxygen-derived free radicals, and as such are important source of oxidative stress in AD. Furthermore, accumulation of AGEs is present in the aging brain [186] . In vitro studies showed that AGE modified A promotes rapid aggregation which is a feature associated with AD [187] . AGEs are also detected in neurofibrillary tangles. It is hypothesized that glycation of protein leads to stabilization of helical filaments and aggregation, ultimately leading to neurofibrillary tangles [188] . The role of AGEs in AD is also demonstrated by their neurotoxicity and ability to increase levels of A [189] . Furthermore, AGEs and A activate specific receptors such as class A scavenger receptor [190] and receptor for advanced glycation end products (RAGE) [191] leading to an increase in intracellular ROS levels [158] .
Protein Homeostasis and Oxidative Stress in AD
Degradation of oxidatively modified non-functional proteins is an important part of the cellular antioxidant defence system. The proteasome is a large intracellular protease responsible for degradation of misfolded, oxidized or truncated proteins utilizing the process of ubiquitination of the proteins targeted for degradation [158] . Components of the proteasomal complex are affected by oxidative stress, with 26S proteasome being the most vulnerable [192] . It has been reported that proteasomal activity declines with age [193] . The fact that protein (PHF-) is heavily ubiquitinated indicates the proteasome involvement in the pathogenesis of AD [158] . Further studies found decreased activity of proteasome in AD [194] , and indeed, inhibition of proteasomal activity has been found to lead to neuronal death and neuropathology similar to that of AD. Moreover, chronic proteasome inhibition, together with increased protein insolubility, induces increased levels of protein oxidation and potentially leads to increased oxidative stress that is observed in AD [64] . Cellular oxidative stress levels can also be increased by lysosomal dysfunction. Lysosomal degradation of ironcontaining proteins found in various organelles results in intra-lysosomal formation of redox active iron. This can lead to increased lysosomal oxidative stress, rupturing of the lysosomal membrane and release of intra-lysosomal contents. This leads to an increase in cellular oxidative stress and mitochondrial damage, which in turn leads to an increase in ROS production by mitochondria [158] . Moreover, lysosomes gradually accumulate non-degradable polymeric lipofuscin due to continuous oxidative stress, and even though lysosomes still receive newly synthesized lysosomal enzymes, lipofuscin remains non-degradable. Lipofuscin accumulation may diminish delivery of lysosomal enzymes to functional autophagosomes, which diminishes lysosomal degradation of mitochondria and mitochondrial recycling thus leading to an increase in cellular oxidative stress. This theory is supported by findings indicating that an increase in mitochondrial DNA in the cytoplasm of neurons and in vacuoles containing lipofuscin is associated with increased oxidative damage in AD [158] .
Role of Neuroinflammation in Oxidative Stress in AD
Inflammation in the AD brain can be caused by injured neurons, amyloid plaques and neurofibrillary tangles. This is supported by the finding that both microglia and astrocytes are attracted to the sites of A deposition. Attracted microglia are activated which is seen through altered morphology and increased expression of major histacompatibility complex class II. Astrocytes express a wide range of inflammatory mediators such as cyclooxygenase, compliment system protein and cytokines [195] . Both activated microglia and astrocytes are capable of producing large amounts of RNS and ROS which are used to attack the targets in inflammation. In addition, A can directly activate NADPH oxidase of microglia, which leads to an increase in production of hydrogen peroxide and superoxide radicals [196] . Furthermore, activated microglia and astrocytes can produce large amounts of NO upon induction of iNOS gene. NO can react with superoxide to form peroxynitrite, leaving nitrotyrosine as a marker of oxidative stress. Excess NO in AD is confirmed by increased amounts of nitrotyrosine modified proteins [181] . In addition, myeloperoxidase (MPO) in AD microglia represents free radical generating mechanism. MPO catalyzes a reaction between hydrogen peroxide and chloride to form hypochlorous acid which can further react with other molecules to generate other kinds of ROS. MPO can also catalyze formation of nitrotyrosine modified proteins and glycation end product modifications which are observed in AD. Also, there is evidence that MPO is present in activated microglia around amyloid plaques in AD brain, and that A aggregates increase MPO mRNA expression in microglia in vitro, both of which support the indicated role of MPO and microglia in the pathogenesis of AD [197] .
Oxidative Damage in the Peripheral Tissues of AD
Increased oxidative damage is a common feature in neurons and peripheral cells in both sporadic and familial AD [198] . One of the ways to detect oxidative damage to the biomolecules in the peripheral cells is to measure the end products of lipid peroxidation and protein oxidation [199] . It has been demonstrated that increased DNA damage due to oxidized purines and pyrimidines is present in peripheral cells of AD. Patients with mild cognitive impairment (MCI), which is considered to be a possible symptom of early stage of AD, have higher level of oxidative DNA damage than healthy individuals [199] . It has been reported that AD lymphocytes have higher levels of 8-OHdG than controls, measured by HPLC, suggesting that oxidative stress in AD is detectable in peripheral cells as well [200] . Fibroblasts of patients with familial or sporadic AD show an increase in lipoperoxidation products: malondialdehyde and 4-HNE [198] . Naderi et al. [201] demonstrated that ROS levels in AD fibroblasts are markedly higher than in age-matched normal human fibroblasts (NHFs), which gives them typical senescence morphology and resistance to external oxidative stress. It has also been demonstrated that peripheral levels of both enzymatic and non-enzymatic antioxidants are depleted in AD and MCI patients [202] . Furthermore, lymphoblasts carrying either presenilin-1 or APP mutation show significantly lower GSH content compared to their age matched controls. This finding agrees with the trends of GSH levels in the central nervous system, and as such, it strengthens the importance of oxidative stress in the pathogenesis of AD [138] .
Neuroprotective Strategies for AD
Iron Chelators
As iron has been implicated in pathogenesis of AD (see oxidative stress section), see the role of iron chelators in the treatment of the disease needs to be investigated. Iron chelators are compounds that bind iron, which consequently renders it inactive and unable to participate in chemical reactions such as those related to the onset of AD [203] . The role of desferrioxamine (DFO), an iron chelator used to treat the conditions of iron overload, in cancer and neurodegenerative disorders, has been recently suggested [204] . CrapperMcLachlan et al. used DFO in a 2-year single blind study where DFO was injected intramuscularly [205] . This treatment slowed down dementia progression associated with AD. The limitation of DFO is its large size and hydrophilic nature which slows down gastro-intestinal absorption and its penetration through the blood-brain barrier [206] . Furthermore, chelation with EDTA has been shown to induce clinical improvement in patients with AD [207] . Also, chronic administration of the chelating agent clioquinol to transgenic mice bearing APP mutation (Tg 2576), led to a decrease in A build-up in the brain, and slowing down of cognitive decline [208] . Another study showed that lipophilic metal chelator DP-109 when applied to female Tg 2576 mice, resulted in the marked decrease of amyloid plaques [209] . Moreover, House et al. [210] demonstrated in their in vitro studies that both DFO and clioquinol prevent formation of pleated sheets in A , and A aggregation, as well as their ability to dissolve previously formed synthetic and ADbrain-derived A aggregates. The identification of an ironresponsive-element loop in 5'UTR of APP led to the discovery of some new chelating drugs that target 5'UTR such as DFO(Fe (III) chelator), tetrathiomolibdate (Cu(II) chelator) and dimercaptopropanol (Pb(II) and Hg(II) chelator). These drugs suppress APP expression and lower A secretion [211] .
Antioxidants and Antioxidant Drugs
Antioxidant defence compounds are based on their ability to inhibit free radical formation, scavenge generated free radicals, enzymatically detoxify the accumulated free radicals, and initiate the gene transcription responsible for long term support and induction of cellular self-defence. There are three types of antioxidants, direct antioxidants chemically interfere with the formed free radicals; indirect antioxidants prevent the formation of free radicals; and metabolic antioxidants limit the extent of damage to the cell by reducing the metabolic burden of increased level of ROS. A major group of direct antioxidants are chain braking antioxidants such as monophenolic compounds (e.g. tocopherol (vitamin E), 17 -estradiol (estrogen), 5-hydroxytryptamine (serotonin), as well as derivatives of tyrosine and polyphenolic compounds e.g. flavonoids, stilbenes, and hydroquinones [212] . The hydroxyl group of vitamin E may donate an electron to inactivate the highly reactive single electron of free radicals. In AD specifically, vitamin E prevents the accumulation of ROS induced by A , which reduces toxicity of A in AD brains [213] . Also, vitamin E prevents the oxidation of non-saturated carbohydrate side chains of membrane lipids, thus blocking lipid oxidation [214] .
Estrogen and vitamin E share the phenolic radical scavenging structure. It is important to point out that the ROS scavenging ability of estrogens is based solely on their structure, and not on their interaction with estrogen receptors [215] . 17 -Estradiol is capable of preventing neuronal cell death caused by A , glutamate, hydrogen peroxide, haloperidol, iron (II) sulphate, and ischemic damage [216] [217] [218] . Furthermore, compounds such as serotonin, flavonoid, quercetin, and trimethylphenol prevent lipid peroxidation and protect cells against oxidative stress in vitro [219, 220] . Vitamin E has been used most often as an antioxidant treatment for AD ever since it was first used in vitro study as a potent protective agent of neuronal cells against AB. It has been reported that vitamin E slows down cognitive function impairment both in AD and mild cognitive impairment cases [214, 221] . Also, idebenone which is structurally similar to ubiquinone (metabolic antioxidant), has been reported to slow down the disease progression when introduced in a dose dependent manner [222, 223] .
Nicotine as a Potential Drug
Numerous studies suggest that deficits associated with impairments of nicotinic acetyl choline receptors in neurodegenerative disorders can be diminished by treatment with nicotine or other agonists of the receptors. Nicotine and other similar compounds can act through both receptor mediated and non-receptor mediated mechanisms [224] . Nicotine treatment has been shown to be effective in attenuating the decline in some cognitive deficits associated with AD [225] . The molecular mechanisms involved are still not fully understood even though there have been several theories proposed. It has been reported that A (1-42) binds to 7 nicotinic acetylcholine receptor, which then inhibits 7 receptor dependant calcium influx and ultimately acetylcholine release [226] , which could be a possible explanation for cognitive decline in AD. A peptide and 7 receptor can be immunoprecipitated together suggesting their close interaction, which is confirmed by receptor binding experiments: human neuroblastoma cells with 7 receptor are killed by A peptide, while nicotine has been shown to inhibit their death [227] . According to this, blocking an association between 7 receptor and A peptide may be a strategy for treating AD.
Nicotine receptor stimulation can diminish A toxicity [224] ; however, some studies show that nicotine directly interacts with A . It has been shown that nicotine binds to a small-sized soluble -sheet aggregate structure of monomeric A and prevents A senile plaque formation [228] . Alternatively, it has also been reported that the effect of nicotine on reducing -amyloidosis is partly mediated by regulating metal homeostasis. Nicotine treatment decreases the intracellular copper concentration and attenuates Amediated neurotoxicity, without activating nicotinic acetylcholine-receptors [229] .
Vaccination Against Aß
Vaccination of mice with synthetic pre-aggregated A reduced the progression and extent of AD pathology as reported by Schenk et al. [230] . These findings have paved the way for research in immunization against AD in humans. Bard et al. [231] presented a method in which antibodies against A are peripherally injected, and then transported to the CNS where they bind A fibrils and target them for degradation by microglia via Fc receptor ligation. Ex vivo studies following the antibody injection found internalized A in microglia which supports the above hypothesis. Further support for the microglia hypothesis comes from the fact that antibodies of IgG2a isotype are found to be the most effective antibodies (both ex vivo and in vivo studies), considering that IgG2a isotype antibodies show high affinity for Fc receptors on microglia [232] . Furthermore, microglial activation has been found to accompany plaque clearance in vivo by both active and passive immunization techniques [233, 234] .
CONCLUDING REMARKS
Although tremendous progress has been made in the area of neurodegenerative diseases, the exact mechanisms of these diseases are still not fully understood. One thing is clear that neurons in increased aging populations are vulnerable to oxidative and inflammatory toxicity. Once we understand various factors involved in causing these devastating neurodegenerative diseases like AD and PD, it would be possible to develop preventative and curative therapeutics. Some of the new advances in neutraceutical research are promising. It is well known that by the time AD or PD are diagnosed, the patients have already lost a good percentage of neurons. The progressive loss of neurons over time leads to further complications. Although, the new research on regenerative therapy or stem cell transplantation could be promising to replace the lost neurons in future, we do not have any evidence of such therapy at present. However, any therapeutic intervention after the diagnosis that can prevent further loss of neurons in the patients could be very useful to maintain a reasonably comfortable life style for many patients. Quenching the toxicity, inhibiting neuronal cell death by blocking pro-apoptotic proteins, stabilizing mitochondrial functions could be realistic targets for researchers to achieve in near future. Furthermore, preventive measures such as decreased exposure to toxic compounds, improved diet, active and stress-free behavioural changes, better work place culture, conducive and pleasant emotional environment and life style could lead to healthy aging and better life during the last chapter of our lives.
